The asymmetry between electron-and hole-doping in high critical-temperature superconducting (HTS) cuprates is key information for the understanding of Cooper pairs formation mechanisms.
I. INTRODUCTION
Resonant inelastic x-ray scattering (RIXS) has been recently used to study the low energy excitations (E < 1 eV ), including spin-flip ones 1 , in several cuprate high T c superconductors (HTS) 2 . This class of experiments is particularly valuable because it probes the set of collective and local excitations that are supposedly involved with the basic mechanisms of high temperature superconductivity. In particular, high resolution RIXS at Cu−L 3 edge has been used to measure the magnon dispersion in undoped insulating cuprates [3] [4] [5] [6] , and damped spin excitations (paramagnons) in hole-doped (h-doped) cuprates. It has thus been shown that paramagnons persist throughout the phase diagram, from superconducting underand optimally-doped [7] [8] [9] to non-superconducting highly-overdoped 10 samples. Paramagnons have also been observed in the prototypical electron-doped (e-doped) cuprate compound Nd 2−x Ce x CuO 4 (NCCO) 11, 12 . These findings have triggered several works 7, [13] [14] [15] , aiming to show that paramagnons are the driving excitations in Cooper pair formation. However there is no obvious correlation between the critical temperature (T c ) and the paramagnon energy, and this may indicate that also other low energy excitations play a role, such as phonons (via electron-phonon coupling) and charge modes 11, 12, 16 . It is then worth studying the low energy excitations in cuprate compounds with different structure, in order to identify their correlations with high temperature superconductivity.
A striking characteristic of the class of cuprate HTS is the marked asymmetry between the phase diagram of h and e-doped compounds: some important physical proprieties, such as pseudogap, charge order and maximum T c , dramatically change from the h-doped to the e-doped side 17, 18 . Experiments show that also the paramagnon excitations have a different doping evolution upon hole and electron doping: for h-doped compounds the dispersion is almost unaffected by doping, while for e-doped ones the dispersion is doping dependent, with hardening of the paramagnon mode up to 50% 11, 12 . This asymmetry can be correctly captured by a relatively simple model including three-site exchange 19 , even though there is no perfect agreement with the experimental dispersion data 11, 12 .
It is worth noting that HTS of e-and h-doped type typically descend from parent compounds with different crystal structure 20 , and this can indeed affect the low energy excitation spectrum 21 . Conversely a direct quantitative comparison with theory 19 would greatly 3 benefit from a measurement made on cuprates with the same crystal symmetry, changing doping only from holes to electrons. To this aim ambipolar cuprates, that can be doped with holes and electrons, do not offer a sufficiently wide doping range, not even displaying superconductivity on the e-doped side 22 .
In order to provide a suitable system for the study of the doping asymmetry of magnetic excitations in cuprates, we employed advanced thin film growth techniques to obtain h-and e-doped cuprates with infinite layer (IL) structure. IL cuprates are particularly interesting because of their crystallographic structure: the simplest among layered cuprates. On the other hand, the IL compounds are metastable and single crystal can be stabilized only in thin film form [23] [24] [25] [26] [27] [28] . E-doping of the IL compound Sr 1−x La x CuO 2 (SLCO) is obtained via Sr substitution with La in the SrCuO 2 parent compound, attaining maximum T c of 42K for x = 0.1 29, 31 . SLCO is an e-doped cuprate with different structure than NCCO and other T ′ e-doped compounds 17, 18 .
It is then also worth to determine whether the low energy excitations studied by RIXS have the same behavior in the two families of e-doped cuprates.
In order to get h-doping of ILs, a different approach is necessary: it takes advantage of recent progresses in epitaxial growth, and is based on a proper engineering of heterostructures and superlattices (SLs) 32, [34] [35] [36] [37] . These synthetic HTS, not constrained to thermodynamic limitations connected with bulk crystal growth, are particularly interesting in the search of increasing T c .
In the present work, (CaCuO 2 ) n /(SrTiO 3 ) m ((CCO) n /(STO) m ) SLs were used to achieve h-doped IL superconductors, while SLCO thin films grown on GdScO 3 are the investigated e-doped samples. These samples offer the unique possibility of probing the evolution of magnetic excitations as a function of doping in the same cuprate system going from e-doped to h-doped superconducting phase.
II. EXPERIMENTAL

A. Sample preparation
Electron doped SLCO thin films (x = 0, 0.08, 0.10, 0.13) were grown on GdScO 3 substrates by layer-by-layer molecular-beam epitaxy aided and calibrated by reflection high-energy electron diffraction in a reactive atmosphere of O 3 . Superconductivity is achieved via an in situ vacuum annealing step, which results in oxygen loss from the films. The infinite layer structure was confirmed by x-ray diffraction analysis. 28, 38 The superconducting transition temperatures of the analyzed films depends on the La content (x = 0.08, 0.10 and 0.13) and corresponds to: T c = 27.8, 28 and 19.5 K respectively. 
III. RESULTS
In Figure The data are plotted with circles, while lines are used to plot the Gaussian components: elastic peak (purple), magnon (green), charge mode (orange), tail of dd excitations and q -independent continuum background (black dashed); the thin red line represents the sum of all the components.
The shadowed region in (a) is the residual intensity attributed to multi-magnon or charge continuum and to the tail of dd excitations. The same approach is used for undoped and h-doped SLs.
not observed in h-doped SLs. In bulk crystals of NCCO a similar peak was recognized as a charge signal and associated either to particle-hole excitations within the upper Hubbard band 11 or to a different quantum phase 12 .
The low energy part of the spectra was decomposed so to identify the (para)magnon and other relevant low energy excitations; an example of the decomposition is shown in Figure   4 (a) for the SCO case and in Figure 4 (b) for the x = 10% SLCO sample. The spectra of undoped samples were fitted following a procedure already employed on insulating bulk 9 cuprates 3 and SLs 42 : two resolution-limited Gaussians were used for the elastic peak (purple solid line), and the magnon (green solid line); remaining spectral weight close to 500 meV energy loss was associated to multiple magnons, and an additional phonon contribution at 100 meV was considered for SL 42 . For superconducting samples, the decomposition process is less evident. We chose to fit the spectra with a resolution limited Gaussian for the elastic peak (purple solid line) and non-resolution-limited Gaussians for the magnetic inelastic peak (green solid line) as shown in Figure 4 (b).
The free fitting parameters are the area of the elastic Gaussian component A el , the energy position E i , area A i and width w i of the inelastic component. We associate to E i an error bar equal to three times the standard deviation associated by the fitting procedure, after verifying that this is sufficient to include the error due to parameter correlations. The fitted elastic and paramagnon contributions have been subtracted from the raw data. The residual background is independent from q for the h-doped SLs, while for the e-doped samples it shows a q dependence for q < 0.22 r.l.u., as shown by the residual RIXS intensity plotted by thin grey lines in Figure 3 (a). The comparison with NCCO RIXS spectra reported in literature 11, 12 provides support for the introduction of an additional non-resolution-limited inelastic component in our fitting procedure, represented by the orange line in Figure 4 (b).
The results of the decomposition procedure are displayed in Figure 5 . In Figure 5 At equivalent doping levels, the charge contribution given by e-doping is stronger compared to h-doping.
In Figure 5 peak observed in AFM parent compounds whereas the e-doped paramagnon presents a steeper dispersion: faster at lower q (≤ 0.18 r.l.u.) and almost flat for higher q . A significant hardening in energy ( 20% at ZB), compared to undoped and h-doped case, is also evident in SLCO.
The additional inelastic peak in the e-doped sample, associated to charge excitations, is resolved for q < 0.18 r.l.u., whereas for higher q , it becomes impossible to distinguish it from the dd excitation peaks, so that we can identify only one inelastic non-resolution-limited component. The charge mode irradiates from the Γ point and moves rapidly towards higher energy with increasing q . As mentioned above, similar excitations have been observed in RIXS measurements on the prototypical e-doped cuprate NCCO 11, 12 , with the same steep dispersion we find in SLCO, as shown in Figure 5 (b) .
IV. DISCUSSION
The data reported in Figure 3 In Figure 5 (b) we also report the comparison of the experimental dispersion with theoretical calculation of the dynamic spin structure factor S(q, ω), shown to be a good description of the RIXS signal, even without outgoing polarization analysis, 19 thanks to our choice of scat- SLs, whose spectra are rather a superposition of doped and undoped CaCuO 2 ; we report them for comparison in Figure 6(a) , with T c values as labels. The magnetic peak energy is unchanged within our experimental resolution going from N = 1 to N = 0.86 and this trend is confirmed by the behavior of the large period SLs. A good qualitative agreement between theory and experiments is again evident: h-doped samples present a magnetic peak almost independent on doping level, while the magnetic peak of e-doped samples strongly evolves for increasing doping and shifts to higher energies.
V. CONCLUSIONS
We have investigated the evolution of low energy excitations of hole and electron doped IL cuprates. In particular, to the best of our knowledge, we studied for the first time the doping dependence of (para)magnon excitations, going from h-doped to e-doped cuprate compounds without changing the crystal structure. In analogy with the observations in NCCO, 11, 12 magnetic excitation harden significantly with e-doping, in stark contrast with hole-doping behavior. This result is counterintuitive: the AFM correlations are presumably short-ranged for any doping. To reconcile this apparent discrepancy, the e-doping hardening has been interpreted as signature of the strongly itinerant character of e-doped materials as compared to the more localized spin dynamics found in h-doped cuprates. 11 This asymmetry between doping types is also well caught within the single-band Hubbard model, as proved by the good agreement between S(q, ω) calculations and experimental results. 19 Our data also confirm the existence of a fast dispersive charge mode present in all e-doped materials but absent in h-doped samples. Our assignment of this mode to charge excitations is supported by the polarization dependence of Cu−L 3 RIXS data and also Cu−K RIXS measurements on e-doped crystals 11, 45 . The origin of this mode, emanating from zone center and rapidly decaying in intensity, is still unclear. Some authors interpreted it as intraband particle-hole excitation, 11 whereas others proposed that it is the signature of a quantum phase distinct from superconductivity 12 or a plasmon excitation: 45 in any case this mode is a general feature of all e-doped cuprates. In conclusion, our results prove the feasibility of studying magnetic and charge excitations of cuprate superconductors by using a new generation of artificial epitaxial materials, not constrained by thermodynamic limitations and whose physical properties (such as doping level, oxygen content, T c ) can be controlled by properly tuning the growing conditions. This will open new and unexplored directions of investigations on superconducting cuprates. Moreover the data are available for direct comparison with future theoretical models aimed at understanding the strong asymmetry in collective excitations between the two sides of the cuprate phase diagram, which we proved to be a general property not due to the differences in composition and structure of the materials investigated. Finally, it should be stressed that, due to limited amount of material present in SLs and thin films, soft RIXS is the only viable technique for investigating charge and magnetic excitations in these artificial superconducting cuprates. Further improvements in the comprehension of our findings, especially for the fast dispersing charge mode and the paramagnon dispersion at low q , will likely come also from future experiments using the newest high-resolution RIXS spectrometers, allowing also full analysis of the scattered polarization 49, 50 . 
